Adult human and mouse ovaries lack DDX4-expressing functional oogonial stem cells

To the Editor:
Whether or not oogonial stem cells (OSCs) exist in the adult mammalian ovary has been the subject of much debate. In 2012, White et al. reported that OSCs could be purified from adult human and mouse ovaries by DEAD box polypeptide 4 (DDX4) antibody-based fluorescence-activated cell sorting (FACS), and that these isolated OSCs could form oocytes after in vitro manipulation 1 . The use of DDX4 as a cell surface marker is controversial based on the wellestablished cytoplasmic location of the protein 2, 3 . Therefore, we followed the reported protocol and performed the cell isolation with FACS with both human and mouse ovaries 1 . The results in this paper are the summary of independent work carried out in the laboratories of Lin Liu, Fredrik Lanner, Outi Hovatta, and Kui Liu.
The previous study had used ovaries that were surgically removed from women with gender identity disorder undergoing sex reassignment, but that study did not report whether the women were undergoing any hormone treatment 1 . We repeated the reported experiments with ovarian cortical tissue biopsied from 16 normal reproductive-age women (average age 32.1 ± 3.7 years) who were fertile and who had had at least one child born. By following the reported protocol with the same DDX4 antibody-based FACS approach 1,4 , we isolated a population of cells from the human ovarian cell preparation (Fig. 1a and Supplementary Methods) . However, we did not detect any DDX4 mRNA expression by qPCR in these cells (Fig. 1b) . To ensure that we did not miss any possibility of low expression of DDX4, we performed a more-sensitive single-cell mRNA sequencing analysis of the DDX4-specific antibody-sorted cells. In accordance with our qPCR results, we detected no DDX4 mRNA by single-cell mRNA sequencing in these cells (Fig. 1c) . The single-cell mRNA sequencing results also showed that genes expressed in differentiated ovarian somatic cells were frequently detected (Supplementary Table 1) , and this suggests that the use of the DDX4-specific antibody in FACS is not suitable for specifically selecting for a certain type of cell that expresses DDX4.
We next cultured the sorted human ovarian cells as described 1 Fig. 1a-c) . These results showed that DDX4 is not expressed in the sorted DDX4-positive ovarian cells even after in vitro culture. However, we found that the cultured-POS cells and cultured-NEG cells both bound tightly to the DDX4-specific antibody in FACS and became 'DDX4-positive' after culture ( Supplementary  Fig. 1d ). This shows that the 'highly specific' binding of the cultured 'DDX4-positive' cells to the DDX4-specific antibody, as reported earlier 1 , does not indicate that these cells are DDX4-positive. The previous study reported that oocytes enclosed in follicles were regenerated 1 week after the 'DDX4-positive human OSCs' were injected into human ovarian cortical tissues that were subsequently xenografted into SCID mice 1 . We first labeled the cultured-POS cells with stable enhanced green fluorescent protein (EGFP) expression. After culturing and expanding the cells, we injected approximately 3 × 10 3 EGFP-expressing cultured-POS cells into human ovarian cortical tissue biopsies, as previously reported 1 , and these cortical tissues were xenografted into female SCID mice for further growth. We analyzed the grafts after 1 week ( Supplementary  Fig. 2a ), 2 weeks (Fig. 1d) , and 4 weeks (Supplementary Fig. 2b ) after transplantation of the EGFP-cultured-POS cells into the human cortical tissues. We could observe EGFP-positive cells in the vicinity of the injection sites, but no EGFP-positive oocytes were ever observed ( Fig. 1d and Supplementary Fig. 2 ). These results showed that the DDX4-positive human cells obtained with the DDX4 antibody are not functional stem cells that can regenerate oocytes.
With mouse ovarian cells, we could also obtain a small population of DDX4-positive cells with the DDX4-specific antibodybased FACS (Fig. 1e) that was similar to the previous report 1 (Supplementary Methods). However, we did not detect any Ddx4 mRNA expression in the sorted DDX4-positive cells by RT-PCR (Fig. 1f) . Although the suggested 'OSC' markers Prdm1 (encodnpg To confirm our concern that the DDX4-specific antibody-based FACS does not select for a specific cell population that expresses DDX4, we performed the same FACS with mouse cells from several organs that are known not to express DDX4, including adult liver, spleen and kidney (Supplementary Fig. 3a) . We also obtained DDX4-positive cell populations from these organ samples (Fig. 1g) even though these cells did not express Ddx4 (Supplementary Fig. 3b) .
ing PR domain containing 1 with ZNF domain) and Tert (encoding telomerase reverse transcriptase) 1 were expressed in the sorted cells (Fig. 1f) , it is known that the expression of these molecules is not limited to germline cells 5, 6 . Moreover, the expression of a welldefined marker of ovarian somatic granulosa cells, Forkhead box L2 (encoded by Foxl2) 7 , was also detected in the sorted DDX4-positive cells at similar levels to that of the ovary (Fig. 1f) . FACS plots from the analysis of live cells from dispersed adult mouse liver, spleen and kidney using antibody against DDX4. The secondary antibody-treated samples were used as controls. In the DDX4-stained samples, a stable population of DDX4-specific antibody-binding cells (POS) was present in the liver cells (16.17% ± 3.07%, n = 5), spleen cells (13.23% ± 1.91%, n = 5) and kidney cells (5.50% ± 1.23%, n = 5). (h) Red fluorescent DDX4-positive ovarian cells that were injected into mouse ovaries (n = 32) in which the oocytes had been depleted by chemotherapy drugs are shown at 6 weeks after injection. Normal ovarian follicles from young adult female mice are shown as a control. Scale bars, 50 mm. All experiments were repeated at least three times, and representative images are shown. APC-A, goat-anti-rabbit allophycocyanin (APC).
npg Therefore, the use of the DDX4-specific antibody in the FACS protocol-which is a key tool in purifying the reported OSCs 1,4 -does not select for DDX4-expressing cells. We also isolated red fluorescent DDX4-positive cells from the ovaries of adult mTmG mice, in which all cells carry red fluorescence (the membrane-targeted Tomato, mT) 8 . After culturing and expanding the sorted cells, we injected these red fluorescent cells into adult mouse ovaries in which the oocytes had been depleted by chemotherapy drugs 9, 10 . We did not observe any newly formed oocytes or follicles from the injected red fluorescent DDX4-positive cells at 1 week (Supplementary Fig. 4a), 2 weeks (Supplementary  Fig. 4b ), or 6 weeks (Fig. 1h) after injection.
On the basis of our experimental evidence, we conclude that the previously reported DDX4-positive OSCs that were purified from adult human and mouse ovaries using the DDX4-specific antibody 1,10 are neither specific DDX4-expressing cells nor are they functional germline stem cells. Therefore, more careful studies should be performed with stricter standards before characterizing these cells as OSCs 11, 12 . 
